Atmospheric cloud condensation nuclei (CCN) concentrations are a key uncertainty in the assessment of the effect of anthropogenic aerosol on clouds and climate. The ability of new ultrafine particles to grow to become CCN varies throughout the atmosphere and must be understood in order to understand CCN formation. We have developed the Probability of Ultrafine particle Growth (PUG) model to answer questions regarding which growth and sink mechanisms control this growth, how the growth varies between different parts of the atmosphere and how uncertainties with respect to the magnitude and size distribution of ultrafine emissions translates into uncertainty in CCN generation. The inputs to the PUG model are the concentrations of condensable gases, the size distribution of ambient aerosol, particle deposition timescales and physical properties of the particles and condensable gases. It was found in most cases that condensation is the dominant growth mechanism and coagulation with larger particles is the dominant sink mechanism for ultrafine particles. In this work we found that the probability of a new ultrafine particle generating a CCN varies from <0.1% to ∼90% in different parts of the atmosphere, though in the boundary layer a large fraction of ultrafine particles have a probability between 1% and 40%. Some regions, such as the tropical free troposphere, are areas with high probabilities; however, variability within regions makes it difficult to predict which regions of the atmosphere are most efficient for generating CCN from ultrafine particles. For a given mass of primary ultrafine aerosol, an uncertainty of a factor of two in the modal diameter can lead to an uncertainty in the number of CCN generated as high as a factor for eight. It was found that no single moment of the primary aerosol size distribution, such as total mass or number, is a robust predictor of the Correspondence to: J. R. Pierce (jrpierce@andrew.cmu.edu) number of CCN ultimately generated. Therefore, a complete description of the emissions size distribution is generally required for global aerosol microphysics models.
Introduction
Atmospheric particles influence the radiative balance of the earth's atmosphere by affecting the radiative properties of clouds (commonly referred to as the "indirect effect") because cloud droplets form on a subset of atmospheric particles known as cloud condensation nuclei (CCN) (Albrecht, 1989; Twomey, 1977 Twomey, , 1974 . The uncertainty in the magnitude of the indirect effect is the largest contributor to the uncertainty in the overall radiative forcing change since preindustrial times. This uncertainty prevents accurate assessments of the climate sensitivity due to radiative forcing (Andreae et al., 2005; Menon, 2004; Schwartz, 2004) . One of the leading causes of uncertainty in the aerosol indirect effect is uncertainty in the CCN budget (i.e. the concentration of CCN along with its sources and sinks).
The ability of a particle to act as a CCN is determined by the supersaturation of water vapor along with the size and chemical composition of the particle and is well described by Köhler theory (Seinfeld and Pandis, 1998; Sotiropoulou, et al., 2006) . For soluble particles, the activation diameter at 0.2% supersaturation (representative of stratiform clouds) is approximately 75-120 nm. To first order, low and mid-level stratus clouds have the largest potential for changes in the radiative balance of the earth because they cover much larger areas than convective clouds and are, in general, not as optically thick as convective clouds, which allows for a greater change in albedo for a given CCN concentration increase Published by Copernicus GmbH on behalf of the European Geosciences Union. Fig. 1 . Source, sink, and growth processes affecting ultrafine and CCN particles. (Charlson et al., 1992) . Therefore, in order for a particle to act as a CCN, its diameter should be as large as ∼100 nm.
The two main sources of aerosol number to the atmosphere are nucleation and primary emissions (Putaud et al., 2004; Stanier et al., 2004) . Because nucleated particles start in the atmosphere as tiny molecular clusters, they must undergo substantial growth to have an impact atmospheric on CCN concentrations. Kerminen et al. (2004) performed a comparison of growth and sink timescales to determine the ability for fresh nuclei to grow to Aitken mode sized particles; however, the growth from Aitken mode particles to CCN particles was not assessed. Primary emissions of ultrafine particles generally come from combustion sources (Bond et al., 2004; Janhall et al., 2004; Rissler et al., 2006; Zhang et al., 2005) but also have some natural sources such as ultrafine sea-salt (Clarke et al., 2006; O'Dowd et al., 1997; Pierce and Adams, 2006) . The sizes of particles emitted from combustion sources depend greatly on the emissions source type, but in general, most of these particles are ultrafine (<100 nm), so they must also grow to affect CCN concentrations (Janhall et al., 2004; Rissler et al., 2006; Zhang et al., 2005) .
With a large fraction of new particles added to the atmosphere being too small to act as CCN immediately, it is important to determine their ability to grow to CCN size in various parts of the atmosphere. In order to do this, the processes by which particles grow and processes that reduce aerosol number concentrations must be evaluated. As illustrated in Fig. 1 , processes that cause ultrafine particles to grow to CCN sizes are condensation of gases and coagulation while processes responsible for reducing aerosol number concentrations are coagulation and deposition. A large portion of the uncertainty in the CCN budget stems from largely unconstrained estimates of how new ultrafine particles (defined here as particles smaller than a critical CCN diameter) grow to sizes where they act as CCN.
The likelihood that an ultrafine particle will grow to CCN size depends on the competition between the rates of growth and removal processes. The rates of these processes are size and location dependent. Because different sources of ultrafine particles (e.g. nucleation and primary emission) occur in different parts of the troposphere, some may be more ef-fective than others at generating CCN if they occur where conditions are favorable. For example, areas with high concentrations of condensable gases and low concentrations of existing CCN sizes particles would maximize the formation of CCN from ultrafine particles.
A number of global modeling studies have examined the effect of ultrafine particles on CCN concentrations. Adams and Seinfeld (2003) and Spracklen et al. (2005b) looked at the effect of emitting a small amount of the sulfur emissions as primary sulfate in global models with online size-resolved microphysics of sulfate and sea-salt aerosol. They determined that the ultrafine primary sulfate increases the CCN concentrations much more efficiently than if the sulfur was emitted as sulfur dioxide gas. Stier et al. (2006) conducted a similar experiment in a global model with online sizeresolved microphysics of sulfate, sea-salt, carbonaceous and dust aerosol. Contrary to the earlier studies, they found that the effect of emitting primary sulfate particles rather than sulfur dioxide was negligible. The difference in results was attributed to the inclusion of the carbonaceous and dust aerosol in Stier et al. (2006) ; however difference in the assumed size distribution between the studies may also contribute to the differences. The size distribution of primary sulfate used in that work was larger, emitting fewer particles per mass of emissions, but at sizes closer to the CCN activation diameter. Pierce and Adams (2006) explored the ability of ultrafine sea-salt to contribute to CCN concentrations estimating that nearly half of CCN in the southern high latitudes may result from ultrafine sea-salt that grew to CCN sizes.
The size distributions of primary emissions to the atmosphere are poorly constrained. Due to the regulatory emphasis on particulate mass concentrations, emissions of new particles are often described only by their total mass while their size distributions are undescribed or unmeasured. Global aerosol models used for predicting particle and CCN number concentrations have had to assume size distributions for emissions of primary sulfate and carbonaceous aerosol, thereby adding uncertainty to their predicted CCN budgets. Moreover, the impact of these assumptions is difficult to evaluate because larger particles grow more easily to CCN (Adams and Seinfeld, 2002; Spracklen et al., 2005a; Stier et al., 2006) . We wish to quantify the uncertainty that results from assuming a size distribution for a given mass of emissions. More generally, we wish to investigate whether a single moment of the aerosol size distribution (e.g. total number or surface area) might be a robust predictor of eventual CCN formation.
This paper describes the development, testing and application of the Probability of Ultrafine particle Growth (PUG) model that predicts the CCN formation efficiency from ultrafine aerosol as a function of ultrafine particle size, growth rate, and loss rate. This model was developed to be used as a stand alone model for quick calculations of the CCN formation efficiencies for a given set of atmospheric conditions. Several applications are illustrated here. First, CCN formation efficiencies are calculated across a range of tropospheric conditions. Second, the rates of the various growth and loss processes ( Fig. 1 ) are compared to determine whether any are dominant. Third, we use the PUG model to assess the uncertainty in eventual CCN formation from a given primary aerosol mass emission due to the uncertainty in the primary aerosol size distribution. Finally, we ask what parameters of the primary aerosol distribution (e.g. surface area, total number, or complete size distribution) need to be measured to reduce this uncertainty.
The following section discusses the timescales of the various processes of ultrafine particle growth and removal. Section 3 describes the newly developed Probability of Ultrafine particle Growth (PUG) model. Section 4 evaluates the PUG model against a box model with complete aerosol microphysics. Various applications of the PUG model and their results are discussed in Sect. 5, and conclusions are given in Sect. 6.
Ultrafine growth and sink processes
The first pathway for ultrafine growth is condensation of lowvolatility gases onto the particle including H 2 SO 4 , HNO 3 , NH 3 , and low-volatility organic gases. The increase of a particle's mass from a condensing species is given by (Seinfeld and Pandis, 1998) :
In this equation, m is the particle mass, t is time, D p is the particle diameter, D i is the diffusion coefficient of the condensing gas in air, M i is the molecular weight of the condensing gas, R is the gas constant, T is temperature, f is a correction factor for non-continuum effects, Kn is the Knudsen number, α is the accommodation coefficient of the condensing gas on the particle, p i is the partial pressure of the condensing gas and p eq is its equilibrium vapor pressure at the particle's surface. This mechanism of growth is most effective when the production rate of low-volatility gases (e.g. oxidation of SO 2 or organics) is high and the total surface area of particles is low. The second process that contributes to the growth of ultrafine particles is coagulation. When two particles coagulate, a single particle is formed with the mass of the two combined particles; therefore, coagulation is both a growth and a loss process. For book-keeping purposes, we define that during a coagulation event, the smaller particle is removed and the larger particle survives and grows by the mass of the smaller particle. The growth rate of a particle with respect to coagulation is then a function of the rate of coagulation with particles smaller than it and the mass of those smaller particles. The increase in mass of a particle of size D p0 by coagulation with smaller particles is given in Eq. (2).
In this equation, D p is the diameter of the smaller particles, K is the coagulation kernel, N is the aerosol number size distribution, and ρ is the particle density. This growth pathway is favorable when there are a large number of ultrafine particles. A potential third growth mechanism for ultrafine particles is by cloud processing including aqueous oxidation of SO 2 and cloud droplet collection. Cloud processing can allow a particle with a high initial critical supersaturation to activate at a lower supersaturation in a subsequent cloud cycle (Feingold and Kreidenweis, 2000) . By definition, a particle undergoing cloud processing has already acted as a CCN once. Therefore, we neglect this mechanism here because we are concerned with growth to the first activation event.
There are two major sink pathways for ultrafine particles. The first is coagulation with larger particles, or "coagulational scavenging". The loss rate of a particle of dry diameter D p0 due to coagulation with larger particles may be found through Eq. (3):
In this equation, k csnk is the effective first-order removal rate constant of particles with diameter D p0 due to coagulation with larger particles, and τ csnk is the timescale for this process. This removal mechanism is fast when there are a large number of accumulation and coarse mode particles. The second sink mechanism for ultrafine particles is deposition, including dry deposition, below-cloud and in-cloud scavenging by rain, and by cloud activation and subsequent precipitation. The rates of these processes depend greatly on the size of the particle, its location in the atmosphere, and meteorology (Seinfeld and Pandis, 1998) .
The Probability of Ultrafine particle Growth (PUG) model
Here we describe the Probability of Ultrafine particle Growth (PUG) model, which calculates the probability that an aerosol of a given initial diameter will grow to a specified CCN cutoff diameter. The inputs to the model are a preexisting aerosol size distribution, the concentration of condensable gases, size-dependent deposition rates, aerosol and gas physical properties, relative humidity, temperature, and pressure. The pre-existing aerosol size distribution is held constant and is required to calculate the coagulation growth Overview of size discretization, growth processes, and loss processes in the PUG model. The timescale subscripts, cd2x, cg2x, dsnk and csnk stand for condensational doubling, coagulational doubling, deposition sink and coagulation sink, respectively. and sink rates. An important assumption inherent in the PUG model is that it calculates the CCN formation efficiency from ultrafine particles while holding inputs constant. In reality, the addition of new ultrafine particles changes the aerosol size distribution and condensable vapor concentration. These feedbacks are not accounted for in the model; however, in the limit of small amounts of new aerosol, this is negligible. Figure 2 describes the structure of the PUG model. Because growth and sink processes are size-dependent, the model calculates the probability of aerosol growth through small discrete steps in which the rates of the growth and sink processes may be considered constant. The growth step sizes are defined by a doubling of dry mass. The distribution of background aerosol is also broken up into discrete size sections defined by dry mass doubling to simplify the coagulation calculations. Probability of aerosol growth between two sizes is defined here as the fraction of ultrafine particles that will grow from the smaller size to the larger size before they are removed. The probability of growth to the next size category is determined by calculating the fraction of particles left after coagulational removal and deposition during the time that it takes the particles to double in mass through condensation and coagulational growth:
Probability of growth to larger sizes
In this equation, P r k,k+1 is the probability that the particle will grow to double its mass (i.e. grow from size section k to k+1), τ cd2x,k is the time it would take the particle to double its mass through condensation alone, τ cg2x,k is the time it would take the particle to double its mass through coagulation with smaller particles, τ dsnk,k is the effective first-order loss timescale of the particle due to deposition and τ csnk,k is the first-order loss timescale of the particle due to coagulation with larger particles (first-order because the number of larger particles is held constant). The time it takes for the particle to double its mass due to both growth processes (τ 2x ) acting simultaneously is approximated by summing the doubling rates in the numerator of the exponent. The denominator of the exponential is the overall loss timescale, τ snk , which combines the effects of both coagulation and deposition.
The probability of growth across several size sections (from section m to n) is calculated as the product of the probabilities of growth through each size section:
Equations (1) through (3) in the previous section may be used to determine timescales for condensational doubling, coagulational doubling and coagulational scavenging. To calculate the timescale to grow from one size section to the next, Eqs. (1) and (2) are simplified by using a constant value of the diameter (represented by subscript k+) equal to 1.5 times the initial mass during the mass doubling growth. This agrees well with the results of a more accurate differential equation solver. The resulting condensational mass doubling timescale is shown by the following equation.
In this equation, m k is both the initial dry mass of the particle and the additional mass required to double its dry mass, D p,k+ is the constant wet diameter of the particle, and Kn k+ is the Knudsen number of the wet particle.
The timescale for mass doubling by coagulation with smaller particles is given by:
In this equation, N j is the number of particles per unit volume in the j th size bin. The first term in the denominator represents coagulation events with the smaller size sections.
The factor of 2 j −k represents the mass of the smaller size sections each being a factor of 2 smaller than the previous. The second term in the denominator represents coagulation events with particles in the same size section. The factor of 1 / 2 accounts for the removal of one of the two same-sized particles from the particle budget. The equation for the first-order particle loss timescale due to coagulation with larger particles in mass doubling sectional form is shown in Eq. (8).
In Eq. (8), k max represents the largest size section in the model. The first term in the denominator represents coagulation with particles in the same size section. The second term accounts for coagulation with particles in larger size sections. Deposition removal timescales must be specified for each size range as no meteorology is calculated by the model.
CCN formation efficiency from ultrafine particles
Consider a steady flux of new ultrafine particles of a certain size being added to an existing size distribution. These new particles will grow through condensation and coagulation to create a new steady-state CCN concentration, larger than the previous value. The increased CCN concentration, CCN, may be expressed as a function of ultrafine-to-CCN growth probability, P r U F,CCN ; the CCN number lifetime, τ CCN ; and the emissions rate of ultrafines, S:
The number lifetime, τ CCN , includes both coagulation and deposition as sink processes. It is convenient to re-express CCN in terms of the CCN deposition lifetime, which typically will be nearly equal to the aerosol mass lifetime computed by global models. This happens because most aerosol mass is in particles of CCN sizes, and the removal rate of these particles is dominated by their wet deposition removal rate, which does not vary much with the size of CCN particles. To do this, note that the probability that a particle that grows to CCN size will be removed by deposition rather than be removed by coagulation is:
In this equation, P TDep is the probability that a particle just reaching the CCN cutoff will be removed by deposition, CCN is the lowest size section in which the particles are CCN-sized, P r CCN,k is the probability that the particle will grow from size section CCN to size section k, and P r Dep , k is the probability that a particle in bin k will be removed by deposition before growing to the next size bin. We define the CCN formation efficiency from ultrafine particles as:
Combining Eqs. (9) through (11) yields:
In this equation, τ dsnk is the number lifetime of CCN-sized particles with respect to deposition. For regions with low CCN concentrations, Eff is approximately P r U F,CCN , but in regions where the concentrations of CCN are high, Eff will be smaller due to removal of CCN by coagulation with larger particles.
Evaluation of the PUG model
We tested the PUG model's calculation of the efficiency against the same calculation done using a box model with a full description of aerosol microphysics. This evaluation spanned a wide variety of aerosol background distributions and condensable gas concentrations. In this section we also explore the importance of the various growth and sink processes.
Box model
The box model computes condensation and coagulation using the TwO-Moment Aerosol Sectional (TOMAS) microphysics model that has been used in the Goddard Institute for Space Studies General Circulation Model II-prime (GISS GCM II-prime) Seinfeld, 2003, 2002; Pierce and Adams, 2006) . In the box model, a steady flux of an aerosol distribution enters the box where the deposition lifetime is specified. We assume a constant condensable gas concentration. The model is initialized from an empty box until a steady-state aerosol size distribution is reached. This steadystate distribution represents the resultant distribution in a well-mixed atmosphere if aerosol inputs, low-volatility gas concentrations and deposition rates are constant with time.
The CCN formation efficiency of a given ultrafine particle size is found from two box model simulations. In the "base case" simulation, the aerosol influx, condensable gas concentration and deposition rates are chosen and a steady-state distribution is found. In the "ultrafine" simulation, a small additional flux of the given size of ultrafine particles is added to the base case influx causing a slight increase in the number of CCN in the resultant steady-state distribution. The CCN formation efficiency formation is calculated from Eq. (12).
A disadvantage of the TOMAS box model compared to PUG is that a given aerosol background distribution cannot be specified a priori. In TOMAS, the number distribution of the aerosol influx may be specified, but the calculated efficiency corresponds to the resulting steady-state size distribution in the box. This disadvantage, however, does not prevent it from being a tool to evaluate the PUG model. (Jaenicke, 1993) . The steady-state ambient aerosol distributions in the box model are different from the input distributions in Table 1 due to processing by aerosol microphysics, mostly a reduction in the number of the smallest particles (dry diameter <50 nm) via coagulation. To compare the PUG model to the TOMAS box model using the same ambient aerosol fields, the steadystate distributions from the box model are used as input into the PUG model. The total number of particles, N, in each of the input size distributions into the box model was scaled by a factor of 0.1, 0.3, 1, 3 and 10 to give 20 different aerosol backgrounds. A total of 17 different H 2 SO 4 concentrations were used between 0.001 and 10 ppt. The H 2 SO 4 accommodation coefficient was assumed to be 1. Aerosol density and water uptake are calculated as if the particles were ammonium bisulfate (Nenes, et al., 1998; Tang and Munkelwitz, 1994) . The relative humidity, temperature and pressure were taken to be 80%, 273 K and 1 bar, respectively. Figure 3 shows the CCN formation efficiency of 30 nm (dry diameter) particles when the CCN cutoff diameter is 90 nm. The 90 nm cutoff was used because it corresponded to one of the mass doubling sizes in the model and is within the range of CCN cutoff diameters in stratus clouds. A CCN cutoff size in between the doubling sizes of the model may also be used by modifying the equations in Sect. 3; however the 90 nm cutoff was used here for simplicity. The four panels represent four different H 2 SO 4 concentrations. The xaxis is the coagulation sink timescale for the original 30 nm particle. The efficiency in each plot asymptotically reaches a maximum value when the coagulation sink timescale becomes much longer than the 7 day deposition timescale such that deposition becomes the dominant removal mechanism. Note that the asymptotic maximum is much less than one in the 0.1 ppt panel, implying that the 7-day deposition lifetime is significantly faster than the time it takes the ultrafine particles to grow to the CCN sizes. As expected, the maximum probabilities in each plot increase as the H 2 SO 4 concentration increases. The shape of the curve is approximately sigmoidal, and the steep portion of the curve occurs when the coagulational scavenging process and the condensational growth process are occurring at comparable rates. CCN formation efficiencies from the box model and PUG model agree within 10% with larger relative errors occurring at lower efficiencies. Differences occur between the models due to differences in the numerical solution techniques of the aerosol microphysical processes and how the size distributions are discretized. The PUG model is easier to apply to many applications than the box model because of its ability to specify an aerosol background. For this reason, we will use the PUG model for the applications presented throughout the rest of this paper.
Results of the comparison

Importance of growth and removal processes
Additionally, a variation of the PUG model, PUG-Coarse (PUGC), was also tested. The PUGC model is similar to the standard PUG model with the exception that the aerosol background is represented only by coarse particles with 10 µm dry diameter, the largest particle size represented in this work. PUGC removes the influence of growth by coagulation with smaller particles, isolating the effect of this growth mechanism when compared to the standard PUG model. PUGC calculations spanned a wide range of conditions using aerosol backgrounds that give similar coagulation sink timescales as those described in the previous section. Figure 4 is similar to Fig. 3 , but shows the results of the PUG and PUGC simulations. In Fig. 4 , the ambient aerosol distributions used in the PUG model are those used in Table 1 (scaled in magnitude by the same 5 factors described in the last section), rather than the steady-state distributions from the TOMAS box model, which reduced the number of small particles. The standard PUG simulations and the PUGC simulations agree very well for nearly all points implying that coagulation with smaller particles is usually a minor growth process. An exception to this is the five solid square points in each figure, corresponding to the five scaled urban backgrounds described earlier. The urban background distributions have a large number of particles in the 10-30 nm range, and coagulation of these smaller particles with the ultrafine particle in question causes significant growth. The results described here show that condensation is generally the dominant growth mechanism, and only when there are very large numbers of small ultrafine particles will coagulational growth play a major role.
When the results of a given simulation lay on the asymptotic part of the curve towards the right of each panel in Fig. 4 , the deposition sink dominates coagulational scavenging and controls the CCN formation efficiency (i.e. the efficiency does not increase even when the coagulation sink diminishes). This occurs for the simulations with longest coagulation sink timescales. Because the points are largely not in the asymptotic part of the curve we conclude that the coagulation sink timescale is generally the dominant removal mechanism for ultrafine aerosol number. However, for larger particles, generally those already past the CCN cutoff diameter, the coagulation sink timescale increases and the deposition timescale becomes the dominant removal mechanism. Figure 5 shows contour plots of the CCN formation efficiency of 30 nm dry diameter particles when the CCN cutoff diameter is 90 nm. This is shown as a function of the combined sink timescales (coagulation sink plus deposition sink) and the combined growth timescales (condensation growth plus coagulational growth). The plotted timescales represent the timescales for the original 30 nm particle. For reference, when a 30 nm diameter particle doubles in mass, it is then 38 nm in diameter (assuming the density does not change). Therefore, the growth rate of the 30 nm particle in nm h −1 may be approximated by dividing 8 nm by the mass doubling timescale (e.g. for a 10 h timescale the growth rate would be 0.8 nm h −1 ). The efficiency depends on the evolution of the coagulation timescales as the particle grows, which depends on the specified size distribution. Here we have used the PUGC model to create a smooth efficiency surface. Using Fig. 4 . Comparison the CCN formation efficiency of 30 nm diameter ultrafine particles for a CCN cutoff diameter of 90 nm between the PUG and PUGC models (y-axis limits vary between panels). The coagulation sink timescale plotted on the x-axis is the timescale for the original 30 nm particle. The squares are the PUG model results (solid squares are for the urban distribution) and the black line is the PUGC results.
Applications and results
Tropospheric CCN formation efficiencies
other size distributions will have only a minor effect on the predicted efficiency. It is assumed that the aerosol composition does not change as it grows such that the aerosol water mass per unit dry mass remains constant and the aerosol density remains constant. The shape of the efficiency distribution is asymptotic towards one for short growth timescales and long sink timescales and asymptotic towards zero at long growth timescales and short sink timescales.
Overlaid on the contour plot are seasonally averaged growth and sink timescales from grid-cells in various atmospheric locations in the GISS GCM II-prime with online aerosol microphysics Seinfeld, 2003, 2002; Pierce and Adams, 2006) . In the simulation used, there are no carbonaceous or dust particles, only sulfate and sea-salt aerosol, and H 2 SO 4 is the only condensable gas; thus, the timescales and efficiencies shown here are not completely representative of the real atmosphere. However, we expect that the main points determined from this exercise regarding the variability of CCN formation efficiency within regions of the atmosphere and between regions will still be valid when all of the species are included. The values used were produced by the CLRK simulation in Pierce and Adams (2006) and represent our "best guess" simulation of sulfate and seasalt microphysics. Time-averaged aerosol size distributions and H 2 SO 4 concentrations from various parts of the atmosphere, taken from GCM grid cells within the spatial coordinates described below, were used to find the growth and removal times of the 30 nm particle. It should be noted that the timescales plotted are for specific locations (grid cells in the GCM) and the corresponding CCN efficiency applies only for that location. As particles are transported throughout their lifetime, the efficiency will change with their location. Boundary layer aerosol size distributions and H 2 SO 4 concentrations were taken from the lowest model layer (below ∼930 mb) and free troposphere values were taken from model layers between 720 and 250 mb. The tropical regions use timescales from grid-cells between 12 • S and 12 • N. The polluted boundary layer timescales were taken from surface grid-cells in the Eastern USA (75 • W to 90 • W and 32 • N to 44 • N) and Western Europe (10 • E to 25 • E and 44 • N to 56 • N), the remote continental timescales were taken from the surface grid-cells in the Northwest USA/Western Canada (100 • W to 120 • W and 36 • N to 60 • N) and Siberia (70 • E to 120 • E and 48 • N to 64 • N) and the Southern Ocean timescales were taken from all surface grid-cells from 48 • S to 64 • S. very low (<0.1%) to high (∼90%) for growth from 30 nm to 90 nm. Different ultrafine diameters and CCN cutoff diameters lead to different ranges of efficiencies but with variation over similar orders of magnitude. As would be expected, the efficiencies in the tropical regions do not have much seasonal variation. Both the tropical boundary layer and the tropical free troposphere have a large span of predicted efficiencies of CCN generation (from about 1% to 90%). The CCN formation efficiency for each mid-latitude region is higher during its summer than winter. This is most notable for the Southern Ocean that has very low efficiencies during JJA due to slow conversion of SO 2 to H 2 SO 4 in these higher latitudes.
Growth and sink timescales tend to be somewhat correlated with the shortest growth timescales (i.e. fast condensational growth) occurring with the shortest sink timescales (i.e. efficient coagulational scavenging) in the polluted continental boundary layer. Due to this weak correlation across most atmospheric regions regions (ignoring the Southern Ocean in the winter), the efficiencies of CCN generation in the mid-latitude regions generally are bounded between 1% and 40% with a number of outliers in the remote continental backgrounds. In general, the variability of the efficiency within each atmospheric regime shown here is nearly as large as the variability between the different atmospheric regions. This makes it difficult to determine whether various regions of the atmosphere are more efficient at generating CCN from ultrafine particles than other regions.
However, it is clear that during JJA the marine boundary layer above the Southern Ocean is inefficient at generating CCN. In general, areas with little or no solar irradiance will have low efficiencies. The efficiency in the tropics (boundary layer and free troposphere) is generally larger than the mid-latitude locations and the tropical free troposphere is somewhat more efficient at generating CCN than the tropical boundary layer. This may mean that nucleation in the free troposphere is more efficient at generating CCN than elsewhere in the atmosphere; however, without the large number of carbonaceous particles from biomass burning in the tropics and fossil fuel combustion in the NH mid-latitudes, these results are inconclusive.
Uncertainty in CCN from uncertainty in ultrafine emissions
In general, greater emphasis has been placed on measuring the total mass of primary particle emissions than on measuring their number or size distributions. Emissions size distributions must be assumed in global models to make CCN predictions from the mass emissions, and errors in the assumed size distribution will lead to errors in predicted CCN.
The uncertainty in CCN generation may be found using the PUG model to determine the number of CCN that result from the addition of an uncertain distribution of ultrafine particles. The number of CCN formed from a distribution of new ultrafine particles is:
In this equation, G CCN is the number of CCN generated, Eff(D p ) is the efficiency of a new ultrafine particle generating a CCN as a function of the size of the new particle and N U F (D p ) is the number size distribution of the new particles. In the discrete form of the PUG model, Eq. (13) takes the following form:
In this equation, k is the size-section, k max is the largest size section, Eff k is the efficiency of a particle in size-section k generating a CCN and N U F,k is the number of new particles in size-section k. This method includes emissions into size sections larger than the CCN size cutoff and, although these are not ultrafine particles by our definition, the CCN formation efficiency of these new particles may still be less than one if the CCN-sized particles have a short lifetime (see Sect. 3.2).
The uncertainty in CCN formation due to uncertainty in new ultrafine amount and size distribution can be found by evaluating Eq. (14) multiple times, spanning the range of possible emissions amounts and size distributions. This is shown by exploring an example where one µg of ultrafine aerosol is emitted to the atmosphere with an uncertain emission size distribution. It is assumed that the emissions follow a lognormal size distribution where σ g =1.4. We assume it is known that the geometric mean diameter, D pg , of the mode lies between 20 nm and 40 nm, roughly corresponding to our knowledge of urban traffic emissions. Although traffic emissions are primarily composed of carbonaceous species, for simplicity we have assumed that all particles are ammonium bisulfate. This does not affect our conclusions about the uncertainty of CCN generation. Calculations were done for 80% relative humidity at 273 K and 1 bar. The deposition lifetimes used here are 70 days for all ultrafine particles and 5 days for all CCN particles. These values are representative . 7 . The CCN formation efficiency as a function of the initial dry diameter of the ultrafine particle (CCN cutoff diameter = 90 nm). An "urban aerosol" (Table 1) background was used and a H 2 SO 4 concentration of 0.5 pptv. The temperature is 273 K, pressure is 1 bar and RH is 80%. Circles are the probabilities predicted by the PUG model and the line is the best fit to Eq. (15). of particles in the global model in the work by Adams and Seinfeld (2002) and Pierce and Adams (2006) . Figure 6 shows the number of CCN (with cutoff diameter of 90 nm) generated from these emissions as a function of H 2 SO 4 concentration for four different aerosol backgrounds. H 2 SO 4 is used here as a representative condensable gas to help illustrate the uncertainties in CCN generation. The uncertainty in CCN generated by the ultrafine emissions is the difference between the two lines on each plot, and there are conditions (albeit extremes) where the differences in number of CCN formed are 1-2 orders of magnitude. The 20 nm peak has eight times more particles per kilogram than the 40 nm peak. In the limit of very high condensable gas concentrations, all ultrafine particles grow to become CCN. Therefore, more CCN are formed from the size distribution with the larger number of particles whenever the condensable gas concentration is high. Conversely, more CCN are generated by the 40 nm peak mode at low condensable gas concentrations because the emitted particles do not have to grow as much. For the aerosol backgrounds with low amounts of accumulation-mode sized particles such as the marine and free troposphere distributions, the coagulation sink timescale for the ultrafine particles are long, so it does not require much condensable gas to grow the particles in the smaller distribution to CCN sizes before they are removed. For the urban distribution that contains many accumulation mode particles, more condensable gas is required for growth before removal.
These results show that, except for the points in Fig. 6 where the two curves cross, the total mass of primary par- ticles is a poor predictor of CCN formation. However, it is possible that another moment of the ultrafine emissions size distribution (e.g. total number, surface area, etc.) may be a robust predictor of CCN generation. This simplification would occur if the CCN formation efficiency varies with ultrafine particle size in a way that fits well to the following equation.
In this equation, A is a fitted pre-exponential factor, D p is the initial diameter of the ultrafine and B is a fitted exponent.
The value of B determines if the number of CCN generated from ultrafine emissions may be well predicted by a single moment of the aerosol distribution. For example, if B is two and Eq. (15) is substituted into Eq. (13), the number of CCN generated is a function of only the total surface area of the emissions. Similarly, if B is one or three, the number of CCN generated will be a function of only the total diameter of particles or the total mass of particles, respectively. In the limit of quick aerosol growth, total new ultrafine number becomes the best predictor of CCN generated and is represented in Eq. (15) as B approaches zero. To examine if any single moment of the aerosol size distribution gives robust results, we explore how the CCN formation efficiency depends on its initial diameter for different atmospheric regimes. For a given aerosol background size distribution and condensable gas concentration, the CCN formation efficiency of ultrafine particles is found for a number of ultrafine diameters and the values of A and B in Eq. (15) are found though fitting these data. An example of this fit for the urban distribution with an H 2 SO 4 concentration of 0.5 ppt is shown in Fig. 7 . For the conditions shown in Fig. 7 , B equals 3.0, so an accurate knowledge of the total mass of the emitted ultrafine distribution would minimize the error in the CCN formation.
To determine if one of the moments of the size distribution of ultrafine particles is best for determining the contribution to CCN, we repeated the above procedure for a number of realistic aerosol backgrounds and their associated condensable gas concentrations (or condensation growth timescale).
Because the condensable gas concentration (and corresponding condensation growth timescale) is difficult to measure, we will use a range for the H 2 SO 4 concentrations for each of the four Jaenicke (1993) distributions described earlier. We extracted the ranges of H 2 SO 4 from runs in the GISS-GCM II-prime with TOMAS (Pierce and Adams, 2006) . Information on the various aerosol backgrounds, gas concentrations and resulting values of B are given in Table 2 .
It is clear in Table 2 that the values of B vary greatly depending on the H 2 SO 4 concentrations and atmospheric region. Therefore, it appears there is no single moment of the aerosol size distribution that consistently predicts the number of CCN generated from ultrafine particles. In this investigation, H 2 SO 4 concentrations were given an order of magnitude uncertainty for each aerosol background; a smaller range of H 2 SO 4 concentrations would result in a smaller range of B values. The smaller range of H 2 SO 4 concentrations may be justified if more precursor gases (i.e. SO 2 ) tend to be emitted in areas of higher aerosol surface area. While this would cause the uncertainty in B within each region to be reduced, there would likely still be variation in B between regions.
It is clear from this analysis that measuring total number will in no case be the best predictor of the number of CCN generated. Also, it seems unlikely that the other moments of the aerosol size distribution will consistently be good predictors of CCN generation. Based on this analysis, two or three parameters of the emitted size distribution, if not the full distribution itself, should be used in order to predict accurately the ultrafine particle's impact on CCN.
Conclusions
This paper has explored the efficiency with which new ultrafine particles grow to generate CCN in the atmosphere. Understanding the formation of CCN from new particles is a crucial step to understanding the CCN budget and the influence of humans on climate through the modification of cloud radiative properties. To help answer the questions regarding CCN formation, we have developed the Probability of Ultrafine particle Growth (PUG) model to predict the CCN formation efficiency of ultrafine particles. User-specified inputs to this model are a fixed aerosol background size distribution, a constant condensable gas concentration and aerosol deposition lifetimes. The PUG model closely matched predicted CCN formation efficiencies of an aerosol box model with online microphysics. The PUG model has advantages over the box model because the aerosol background may be specified as an input, is faster to run, and can be used easily to estimate CCN formation efficiency across a variety of atmospheric regimes.
It was found that, in atmospheric conditions, condensation is generally the dominant growth mechanism of ultrafine particles. Growth of ultrafine particles due to coagula-tion with smaller particles may be ignored unless the number concentration of ultrafine particles is high (ultrafine concentration >10 4 cm −3 ). Using the aerosol size distributions published by Jaenicke (1993) , we found that the particle growth from coagulation between ultrafine particles cannot be ignored when the ambient aerosol size distribution is similar to their "urban" distribution regardless of the condensation rate. In nearly all regions of the atmosphere, coagulation with larger particles is the dominant removal mechanism for ultrafine aerosol number. In the most remote regions of the atmosphere (where accumulation mode particle concentrations are less than 50 cm −3 ), the coagulational loss timescale may be long enough to be comparable to the deposition rate of ultrafine particles (which is usually on the order of tens of days).
The range of efficiencies of CCN formation was estimated using input data from a global model with online sulfate and sea-salt aerosol microphysics. The CCN formation efficiency was found to range from very low (<0.1%) to high (∼90%) depending on the size that the aerosol was emitted and the characteristic growth and sink timescales of the region of the atmosphere where the particle exists. There is a weak correlation between the removal timescale and the growth timescale that keeps a large fraction of the efficiencies of CCN generation in the mid-latitude boundary layer between about 1% and 40% for an ultrafine size of 30 nm and a CCN cutoff diameter of 90 nm. The CCN formation efficiency increases in the mid-latitude regions from the winter to the summer. In regions where there is little to no solar irradiance, the CCN formation efficiency is very low due to low condensation rates. In general, the scatter in the CCN formation efficiency within individual regions of the atmosphere is comparable to the variability in the efficiency between the various regions.
The uncertainty in the number of CCN generated due to uncertainty in the size distribution of ultrafine particle emissions was assessed using the PUG model. In certain conditions, the uncertainty in the number of CCN generated per unit mass of primary particles may exceed an order of magnitude given a factor of two uncertainty in the modal diameter of the new aerosol size distribution. In general, there is no single moment of the primary aerosol distribution (e.g. number, surface area, mass) that is a robust predictor of CCN formation. It appears necessary to have a more complete description of the primary aerosol size distribution to predict its impact on atmospheric CCN concentrations.
